Research in contextEvidence available prior to this studySalvianolic acid A (SAA) is a major polyhydroxy compound used in herbal medicine. *Salvia miltiorrhiza* has been shown to affect the treatment of myocardial ischemia. It has been reported that SAA serves as a potent scavenger of ROS during cardiovascular injury and inhibits the adherence of leukocytes to endothelial cells. In addition, SAA inhibits inflammation, regulates the expression of metalloproteinases during cardiovascular injury and maintains coronary arteries and coronary microcirculation.Added value of this studyThrough this study we found that SAA physically bound with transgelin and actin promotes F-actin aggregation and enhances the contractility of vascular smooth muscle cells, thereby ameliorating myocardial ischemia. Transgelin may serve as a potential therapeutic target in the management of myocardial ischemia. In addition, based on the binding mode of SAA and targets, a derivative of SAA, SAA-30, was obtained and was found to be more active than SAA. These results offer mechanistic insights that help explain the bioactivity of SAA for myocardial preservation. SAA-30 is safe to use and may serve as an ideal candidate drug for the prevention and treatment of myocardial ischemia.Implications of available evidenceTherapeutic targeting of the transgelin/actin complex and the "rope" drug design method developed to modulate vascular smooth muscle contractions is of clinical translational research value for treating myocardial ischemia (MI). Mechanisms of actions of the transgelin/actin complex and of SAA-30 may also contribute to other diseases associated with IR tissue injuries.Alt-text: Unlabelled Box
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=============
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1. Introduction {#s0025}
===============

Myocardial ischemia involves a lack of coronary blood flow for the myocardium. Increasing effective blood supplies available to myocardial tissue can improve myocardial ischemia outcomes. *Danshen*, a well-known Chinese medical material, has long been used to promote blood flow and to resolve blood stasis with considerable efficacy \[[@bb0005], [@bb0010], [@bb0015]\]. SAA and salvianolic acid B (SAB) are the two main water-soluble compounds found in *Danshen*. SAA is present at low concentrations in *Danshen* but is more active than SAB \[[@bb0020],[@bb0025]\]. The strong clinical effect of SAA relates to its protective role in the cardiovascular system. Although several studies show the protective effects of SAA on the cardiovascular system, direct targets and mechanisms of its role remain elusive \[[@bb0030], [@bb0035], [@bb0040], [@bb0045]\].

Actin and actin-related proteins are the main determinants of cell contractions. Actin cannot provide these functions alone; actin binding proteins (such as transgelin) must regulate the assembly of actin. Transgelin belongs to the family of calponin and its relative molecular mass is 22 kD. Transgelin, a marker gene of differentiated vascular smooth muscle cells, can bind to actin and promote the polymerization of G-actin monomers to F-actin. Transgelin is closely related to the noncalcium-dependent regulation of smooth muscle contraction. Transgelin is involved in the cytoskeletal remodeling of vascular smooth muscle and in the remodeling of extracellular matrixes. Transgelin plays an important role in colorectal cancer, prostate cancer, breast cancer, and lung cancer. Transgelin plays a significant role in several diseases, but there is currently no drug targeted at transgelin. Targeting the transgelin-actin complex may enhance the constricting function of coronary arteries and increase blood flows to the myocardium.

Here we present a new, simple and scalable protocol for the full synthesis of SAA with yields of \>21%. We also identify and validate targets of SAA for the cardiovascular system. SAA and its derivatives bind transgelin and actin to regulate stress in smooth muscle cells \[[@bb0050]\]. Transgelin may be a target for myocardial protective therapy. Targeting transgelin may serve as an effective way of treating myocardial ischemia and myocardial infarctions. Compared to that observed in wild type mice, the myocardial protective effect of SAA is eclipsed in transgelin (−/−) mice \[[@bb0055]\]. Based on chemical biology assays we designed a more active derivative of SAA, SAA-30, with a rope-like link to transgelin and actin. This work presents molecular mechanisms of SAA involved in the treatment of myocardial ischemia and in developing novel SAA derivatives for the pharmacological treatment of MI.

2. Materials and methods {#s0030}
========================

2.1. Compound characterization {#s0035}
------------------------------

^1^H and ^13^C NMR spectra were recorded using a QNP probe at room temperature at 400 MHz and 100 MHz, respectively. NMR spectra were recorded in deuterated chloroform (CDCl~3~) at room temperature unless otherwise stated. Chemical shifts (*δ* values) are reported in parts per million and are referenced to the deuterated residual solvent peak. NMR data are reported as *δ* values (chemical shift, *J*-value (Hz), integration, where s = singlet, d = doublet, t = triplet, q = quartet, and brs = broad singlet). HRESIMS was measured on an Agilent G6224A TOF spectrometer. All reactions were performed in a nitrogen atmosphere in an oven or in flame-dried glassware. Tetrahydrofuran, diethyl ether and dichloromethane were dried before being used. TLC was performed on precoated silica gel GF254 plates (Qingdao Marine Chemical Factory). Column chromatography was performed using silica gel (200--300 mesh, Qingdao Marine Chemical Factory).

2.2. Animal models {#s0040}
------------------

All animal procedures were carried out under protocols approved by the Institutional Animal Care and Use Committee. Mice were sacrificed by carbon dioxide asphyxiation. Wild type C57/B16 were purchased from Charles River Laboratories (Beijing, China) and Transgelin knockout (−/−) C57/BL6 mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA). The cre-lox method was used to knock out Transgelin.

For the MI model, 24 randomly selected C57 wild type mice were divided into a normal group, model group, SAA group and SAA-30 group. The normal group and model control group were given normal saline. The SAA and SAA-30 group were given SAA and SAA-30 orally every day, respectively (10 mg/kg). The drug was given once a day for one week. On the fifth day, the MI model group, SAA group and SAA-30 group were given ISO (3 mg/kg), and the normal group was given the same volume of normal saline by intraperitoneal injection. During the experiment, the animals were free to eat and drink. After the seventh day of administration, the rats were anesthetized with 10% chloral hydrate, and electrocardiograms of all mice were obtained by ECG. Twenty four transgenic (−/−) mice were selected, and the experiment was carried out again using the methods described in this section.

2.3. HVSMC and CASMC cultures {#s0045}
-----------------------------

HVSMCs were purchased from CHI Scientific, Inc. (Massachusetts, USA) and were stored in DMEM medium containing 10% foetal bovine serum. CASMCs included coronary smooth muscle cells obtained by primary culturing and were stored in DMEM medium containing 10% foetal bovine serum. The cells passed upon confluence at a 1:2 dilution ratio. For experiments, HVSMCs were passed from passage 2 to passage 4.

2.4. Target identification {#s0050}
--------------------------

The SAA-probe was incubated in HVSMCs for 4 h, and the final concentration of the probe was measured as 10 μM. Then, HVSMC cells were harvested and lysed by adding cell lysate (containing 1 mM PMSF) on ice for 30 min, and protein supernatants were collected by centrifugation. Then, click reaction reagents were added and reacted for 2 h. Streptavidin-coated magnetic beads adsorbed SAA-probe binding proteins. The reacted protein solution was added to 1 × loading buffer. The probe binding proteins were separated using 12% SDS-PAGE. Differential bands were excised and subjected to in-gel digestion followed identification by mass spectrometry (LC-MS/MS).

2.5. Molecular docking {#s0055}
----------------------

The crystal structure of transgelin and actin was obtained from the Protein Data Bank. The protein structure was prepared by assigning bond orders, by adding hydrogen, by treating disulfides, by optimizing H-bond assignment and by performing energy minimization to relax the structure using the Optimized Potentials for Liquid Simulations (OPLS)-2005 force field in a vacuum. Minimization was terminated when the root-mean-square deviation (RMSD) reached a maximum cutoff of 0.3 Å. The ligand of the crystal structure was used to define the central site of the docking grid box, and xyz dimensions of the docking grid box were set to 60 × 60 × 60. 3D structures of the SAA derivatives were generated with Ligprep and were minimized with force field OPLS-2005.

2.6. Microscale thermophoresis {#s0060}
------------------------------

The fluorescence labeling of transgelin was performed following the protocol for the N-hydroxysuccinimide (NHS) coupling of dye NT647 (NanoTemper Technologies, Munich, Germany) to lysine residues. In brief, 100 μL of a 20 μM solution of transgelin protein in labeling buffer was mixed with 100 μL of 60 μM NT647-NHS fluorophore (NanoTemper Technologies) in labeling buffer and was incubated for 30 min at room temperature (RT). Pretests using premium-coated and standard-treated MST capillaries (NanoTemper Technology) were performed to test for the adsorption of NT647 MEK1 to the capillary walls by analyzing capillary scans recorded by Monolith NT.115 prior to the MST experiments. Interactions observed between salvianolic acid A and NT647-transgelin were established on a Monolith NT.115 instrument (NanoTemper Technologies, Germany) and were used as a positive control during screening. For this purpose, serial dilutions of salvianolic acid A in assay buffer were prepared and mixed 1:1 with a solution of 30--50 nM NT647-transgelin to yield a final volume of 20 μL per dilution. The reaction mixtures were loaded into standard-treated capillaries and then analyzed by MST at 20% and 80% MST power and at a light-emitting diode (LED) intensity of 30%.

2.7. Tension detection of vascular smooth muscle {#s0065}
------------------------------------------------

The experiments were carried out using MP150 with control software AcqKnowledge 4.0. The DA100C amplifier was used for tension signal acquisition, the amplifier was set at 1000, the high pass filter was set at DC, and the low pass filter was set at 10 Hz.

The calibration of the tension transducer prior to its use proved essential. After calibration, the mice were anesthetized with 10% chloral hydrate (normal saline). A segment of the blood vessel was removed, and one end of the blood vessel was fixed to the hook of the end of the tension transducer. The other end of the blood vessel was fixed to the calibration object. The vessel was immersed in Tyrode\'s solution at 37 °C. After fixing, the vessel began to generate information; the software interface displayed the tension level of the waveform. After a period of time, the blood vessels were soaked with Tyrode\'s solution containing SAA and SAA-30, and the vascular smooth muscle contraction signal was collected.

2.8. Electrocardiogram {#s0070}
----------------------

Electrocardiograms were obtained using an MP150 (BIOPAC system, Inc., California, USA) with AcqKnowledge 4.0 software. ECG signal acquisition involves the use of an ECG100C amplifier. The ECG gain was set to 2000. The high pass filter was set to 0.05 Hz, and the low pass filter was set to 35 Hz OFF. The anesthetized mouse was injected with chloral hydrate before starting the procedure. The pad was heated to 40--42 °C to maintain a normothermic body temperature of 37 °C. Three needle electrodes were required for the experiment: a VIN+ connection of the left lower extremity, a right upper limb VIN- connection and a GND connection of the right lower extremity. A needle electrode was inserted into the subcutaneous tissues of each mouse. After setting raw channel and acquisition parameters, signal acquisition was initiated, and temperatures and ECG signals were recorded using AcqKnowledge 4.0 software.

2.9. Immunofluorescence probe co-localization {#s0075}
---------------------------------------------

A cell climbing slice was prepared in a 24 well plate. When cells were attached to the wall, they were divided into a control group and salvianolic acid probe group. The cells were rinsed for 5 min with PBS buffer 3 times and then fixed in 3.7% formaldehyde at −4 °C for 10 min. The serum was diluted to 5% with room temperature PBS and incubated at room temperature for 30 min (closed liquid containing 0.1% Triton X-100). Primary antibodies used included rabbit anti-transgelin (dilution, 1:200; Abcam) and mouse anti-actin (dilution, 1:100; CST). After being rinsed gently with PBS three times, the cells were incubated at 37 °C for 1 h with Alexa Fluor® 488-conjugated goat anti-rabbit IgG (dilution, 1:150; KeyGEN BioTECH) and Alexa Fluor® 568-conjugated goat anti-mouse IgG (dilution, 1:250; Invitrogen) as secondary antibodies. The salvianolic acid probe was connected to 647 dyes by click reaction. The cells were viewed through a confocal microscopy system (Nikon, Japan).

2.10. Scanning electronic microscopy {#s0080}
------------------------------------

This experiment involved a control group, SAA group and SAA-30 group. The concentration of SAA and SAA-30 was set to 10 μM. The cells were processed for SEM imaging immediately after the acquisition of confocal images. They were fixed with 4% glutaraldehyde in 0.1 M PBS for one hour, rinsed three times with 0.1 M PBS for 10 min and postfixed with 1% osmium tetroxide (OsO~4~) in 0.1 M PBS for one hour. After removing the OsO~4~ solution and rinsing is twice with bi-distilled water, the samples were gradually dehydrated by using an ethanol series in which ethanol was displaced with a gradient of TERT butanol and then dried using a vacuum dryer. Once dried, the samples were sputtered with gold (Polaron E5100 Sputter Coater, Bad Schwalbach, Germany), and images were acquired at 1--5 kV using a JCM-6000PLUS desktop scanning electron microscope (JEOL, Japan). Samples for the experiments described in Supplementary Fig. 6 were imaged before and after gold coating.

2.11. Negative staining electron microscopy {#s0085}
-------------------------------------------

The copper mesh of the carbon film was subjected to hydrophilic treatment, and then 3 μL of the sample solution was placed on the carbon film and left there for one minute. Three sample solutions were used: actin; a mixture of actin and transgelin; and a mixture of actin, transgelin and salvianolic acid A. After excess sample liquid from the copper edge was removed with a filter paper, a drop of phosphotungstic acid dye was added, was left there for 1 min and was then air-dried at room temperature after the excess dye had been siphoned off. The dyed protein samples were observed under a freeze transmission electron microscope.

2.12. F-actin length statistics {#s0090}
-------------------------------

AngioTool tracing in red of F-actin and in blue for branch points enabled a quantitative assessment of the vessel parameters. The F-actin area of SAA was significantly larger than that of the control group. The control group was significantly shorter in overall length. At the same time, the junction density in the SAA group was greater and the mean E lacunarity of SAA was lower than those of the control group. Scale bars: All graphs show the mean ± SEM.

2.13. Calcium clamping of smooth muscle cells {#s0095}
---------------------------------------------

The buffer solution was created by mixing 10 mmol/L EGTA with a certain Ca^2+^-containing solution according to Ca^2+^-EGTA stability constant K. The cytoplasmic Ca^2+^ concentration can be set to a desired level by the influx of buffer solution into the cytoplasm. This technique can be used to identify any agonist-initiated mechanisms that may modulate contractions without changing cytoplasmic Ca^2+^ levels. We set the Ca^2+^ concentration to the level determined to be optimal in the literature: pka = 6.3 \[[@bb0060]\]. Three groups were used: a control group, an SAA group (10 μM) and an SAA-30 group (10 μM). Then, the immunofluorescence staining of transgelin and actin within cells was performed and imaged using a confocal microscope (Nikon, Japan).

2.14. Biacore {#s0100}
-------------

The experiments were carried out using Biacore S200 SPR sensors (Biacore) with control software version 3.0 and Sensor Chip CM5 (carboxymethylated dextran surface). All assays were carried out at 25 °C.

Actin was immobilized via amine groups in all four available flow cells. First, the chip surface was activated following standard EDC/NHS protocol 11 with Biacore PBS-EP buffer used as the running buffer. Actin at a concentration of 0.4 mg/mL in 10 mM phosphate buffer pH 7.4 was then injected for 12 min followed by a 7 min injection of 1 M ethanolamine pH 8.5 to inactivate residual active groups. Typically, approximately 4000 RU of actin was immobilized per flow cell. By reference to the coupling steps of actin protein, transgelin protein was coupled to the chip. Preparation of SAA solution, The insoluble residue was pelleted by centrifugation and discarded. SAA was injected into the protein channel and blank channel at concentrations of 0 uM, 1.5625 uM, 3.125 uM, 4.6875 uM, 6.25 uM, 12.5 uM, 18.75 uM and 25 uM, respectively. The supernatant (200 μL) was injected at a flow rate of 20 μL/min. The protein binding period was set to 3 min, and the dissociation period was set to 300 s. The chip was regenerated with glycine-HCl (pH 2.5, 10 mM).

2.15. Statistics and reproducibility {#s0105}
------------------------------------

Three independent experiments were performed using HVSMCs. Error bars represent the mean ± SEM. Statistical analyses were performed using Graph Pad Prism software. A two-tailed Student\'s *t*-test was used to evaluate differences between two groups of data, and the differences among the groups were analyzed by one-way ANOVA.Differences were considered significant when \**p* \< .05 or \*\**p* \< .01.

3. Results {#s0110}
==========

3.1. Chemical synthesis and target identification of SAA {#s0115}
--------------------------------------------------------

To improve the synthesis yield, we carried out a total synthesis of SAA. The synthetic route and steps of SAA are shown in Fig. S1. The full synthesis of SAA involved high levels of stereo selectivity (ee \> 97%) and generated high yields (21% in total). Strong functional group tolerance was observed, deeming this a potentially excellent protocol for the synthesis of SAA derivatives. The purity of the SAA synthesized was measured as 98%. To identify protein targets that directly interact with SAA in cells, a SAA-probe was synthesized by reacting methyl-SAA with 3-Butyn-1-amine to form a methyl-SAA-probe, which was then demethylated with BBr~3~ to form the SAA-probe ([Fig. 1](#f0005){ref-type="fig"}A & Fig. S2). The linker unit of a probe should be small enough to ensure that probe linkage takes place and to faithfully mimic noncovalent interactions occurring within live cells. In this way a small terminal alkyne handle was added to SAA to initiate pull-down reactions with biotin-N~3~ via click chemistry. SAA-probe activity was measured through the calcium clamping of smooth muscle cells as described previously \[[@bb0060]\]. Despite structural derivatizations, the SAA probe enhanced the contraction of smooth muscle cells as effectively as the native compound ([Fig. 1](#f0005){ref-type="fig"}B).Fig. 1Chemical probe synthesis, target identification and validation of SAA. (A) Structure of the SAA probe. The alkyne reporter group is shown in red. (B) Evaluation of the capacity of the SAA probe to enhance contraction effects in HVSMCs. (C) Overall scheme of the SAA probe target-captured experiments for identifying SAA targets. (D) Molecular docking scores of SAA bonds to six potential targets. (E) The cotreatment of transgelin siRNA counteracted the effect of SAA in enhancing contraction effects in HVSMCs. (F) Biacore analysis of SAA bonds to transgelin. Concentrations of SAA were set to 0 μM, 1.5625 μM, 3.125 μM, 4.6875 μM, 6.25 μM, 12.5 μM, 18.75 μM and 25 μM. The equilibrium dissociation constant (KD) was set to 7.11 μM. (G) Microscale thermophoresis analysis of SAA bonds to transgelin. (H) Biacore analysis of SAA bonds to actin. (I) A diagram of the Biacore analysis on how SAA promotes the interaction of transgelin according to actin experiments. (J) Binding levels and stability analysis results show that protein binding signal values of transgelin and actin were increased when SAA was added. (K) N-STORM images of SAA bound to transgelin and actin. These results show that single molecules of SAA bound to transgelin and actin, and structural information for the image shows that SAA and transgelin were distributed along with F-actin. (L) F-actin features for the control and SAA-treated groups. N.S., not significant. For all data, N.S. denotes no significance, \**P* \< .05, \*\**P* \< .01 (*n* = 3).Fig. 1

To identify these target proteins, we performed target identification experiments using the SAA-probe in the HVSMC cell lines ([Fig. 1](#f0005){ref-type="fig"}C). In brief, the SAA-probe was incubated with growing cells. The SAA-probe was internalized and bound to its cellular targets in a dose-dependent manner with a positive correlation between the target protein concentration and probe concentration. The probe-binding proteins were conjugated with azide-biotin, enriched on streptavidin beads, and finally subjected to trypsin digestion. By liquid chromatography tandem mass spectrometry (LC-MS/MS), proteins captured by the SAA probe were identified. All of the proteins identified are listed in Table S1. Six proteins were identified as potential targets of SAA. Molecular docking was employed to evaluate the binding strength of SAA for the proteins. The results showed that Transgelin (TAGLN) presents the highest docking score ([Fig. 1](#f0005){ref-type="fig"}D). Consistently, cotreatment with siRNA of transgelin significantly impaired effects of SAA ([Fig. 1](#f0005){ref-type="fig"}E). These results collectively suggest that transgelin-controlled vascular smooth muscle cells are responsible for contraction effects of SAA.

3.2. SAA directly interacted with transgelin and actin {#s0120}
------------------------------------------------------

Using the SAA-probe we determined that transgelin and actin may be molecular targets of SAA. Biacore and microscale thermophoresis (MST) experiments were performed to validate whether SAA binds to transgelin and actin \[[@bb0065], [@bb0070], [@bb0075], [@bb0080]\]. SAA was directly bound to transgelin in a concentration-dependent manner with micromolar binding affinity (KD = 7.11 μM) ([Fig. 1](#f0005){ref-type="fig"}F). A microscale thermophoresis analysis reveals a similar binding affinity value for SAA and transgelin ([Fig. 1](#f0005){ref-type="fig"}G). Synchrotron radiation small angle diffraction data show that SAA can lead to the conformational alteration of transgelin (Fig. S3). Similarly, SAA was bound to actin in a concentration-dependent manner ([Fig. 1](#f0005){ref-type="fig"}H). SAA promoted interaction between transgelin and actin as confirmed by Biacore analysis ([Figs. 1](#f0005){ref-type="fig"}I & [1](#f0005){ref-type="fig"}J). Binding and stability assays show that protein binding signal values were 1.3 times greater when SAA was added (disregarding the effect of SAA). The tri-colour co-location experiments and confocal immunofluorescence imaging results reveal high SAA-probe, transgelin and actin levels in cells ([Fig. 1](#f0005){ref-type="fig"}K). Via stochastic optical reconstruction microscopy (STORM) we observed the co-localization of the SAA-probe with transgelin and actin distributed along the microfilament \[[@bb0085]\]. Furthermore, we compared F-actin features of the SAA and control groups ([Fig. 1](#f0005){ref-type="fig"}L). Compared to those of the control group, the F-actin area, F-actin percentage area, total F-actin length and average F-actin length increased in the SAA group (red is used to denote F-actin and blue is used to denote branch points for the quantitative assessment of F-actin parameters), showing that SAA regulates the stability and organization of the actin cytoskeleton by inducing filamentous actin bundling \[[@bb0090],[@bb0095]\]. As the assembly of globular (G)-actin into F-actin and parallel stress fiber bundles continued, the mean E lacunarity (mean F-actin gap) was reduced. Thus, we hypothesized that SAA may enhance cell contraction effects by directly causing transgelin and actin to accelerate actin bundling in HVSMCs.

3.3. Designing SAA derivatives based on "rope" theory {#s0125}
-----------------------------------------------------

To examine the binding of SAA to active sites of the transgelin-actin complex, molecular docking was performed. The results show that SAA promotes stable interactions of transgelin and actin complexes such as a "rope" the connects transgelin and actin ([Fig. 2](#f0010){ref-type="fig"}A). Two hydrogen bonds of SAA interact with Arg177 and Pro172 in actin, and two hydrogen bonds interact with Val42 and Glu28 in transgelin. SAA links key amino acids of the transgelin-actin complex through hydrogen bonding. The stability and remoldability of the actin cytoskeleton were enhanced by the SAA-transgelin-actin complex. This prediction was validated by Biacore assays. Based on molecular docking patterns and protein structures, we prepared and purified protein truncation including T1 (16--201), T2 (40--201) and T3 (54--201) ([Fig. 2](#f0010){ref-type="fig"}B). The results show that SAA interacted with T1 and T2 but lost activity to T3 ([Fig. 2](#f0010){ref-type="fig"}C). Due to truncation, T2 became less active than T1. For T3, when a fragment of 1--53 was removed, SAA could no longer bind to transgelin.Fig. 2Transgelin truncation and Biacore assay verification of key amino acid residues that interacted with SAA. (A) The binding mode of SAA at the protein interaction interface of the transgelin and actin complex. The results show that SAA directly targets bonds and "ropes" the transgelin-actin complex. (B) Three constructs of transgelin truncations were prepared. Transgelin truncation domains were modeled using Pymol software. (C) The Biacore binding assays show that SAA binds T1 and T2 at comparable levels while SAA cannot bind T3.Fig. 2

Based on the binding model of SAA to the transgelin-actin complex, we divided SAA into two parts: the lock and linker. The lock is the phenolic hydroxyl of SAA that forms the hydrogen bond to transgelin and actin. The linker refers to carbon chains that link different aryl groups. Therefore, SAA was modified two ways by changing the rigidity or length of the linker and by increasing or decreasing the strength of the hydrogen bond. Based on this design strategy, compounds were designed and synthesized, and their activity was evaluated via Biacore. First, we synthesized 14 compounds based on a preliminary optimization strategy. SAA-1, SAA-2 and SAA-3, in converting double bonds to single bonds, declined more than four-fold in terms of transgelin activity relative to SAA. Thus, double bonds are central to maintaining configurations of SAA links and activity ([Fig. 3](#f0015){ref-type="fig"}A). A comparison of SAA-4, SAA-5, and SAA-6 to SAA shows that their binding affinities were reduced to 3650 μM or to no activity. Thus, the length of the linker cannot be increased, and the length of SAA may be the appropriate length for the interface of the transgelin-actin complex ([Fig. 3](#f0015){ref-type="fig"}B). Given synthetic difficulties associated with SAA, SAA-7, SAA-8, and SAA-9 were synthesized. The carboxyl group is known as essential to binding; when the carboxyl group was changed to an ester group, bioactivity levels increased to 5.06 μM ([Fig. 3](#f0015){ref-type="fig"}C). When we compared SAA-10, SAA-11, SAA-12, SAA-13, and SAA-14 to SAA, we found that the meta-hydroxyl group of the *danshensu* part of the molecule was essential in locking the target and that the para-hydroxyl group of the *danshensu* part of the molecule may experience steric hindrance ([Fig. 3](#f0015){ref-type="fig"}D). Based on preliminary structure-activity relationships of SAA-1 through SAA-14, we designed a second collection of SAA derivatives. SAA-3 with a carboxyl group changed to an ester group and with no para-hydroxyl group in the *danshensu* part of the molecule exhibiting stronger binding affinity to transgelin with a KD value of 2.39 μM ([Fig. 3](#f0015){ref-type="fig"}E). The synthesis and characterization of these compounds are presented in our supplementary data, and our activity test results are shown in Table S2.Fig. 3Optimized structures of SAA and synthesis of SAA derivatives. (A-E) Structures and active values of SAA derivatives. SAA optimization focused on the following: the length of the linker, the interaction strength of hydrogen bonds and the flexibility of the linker.Fig. 3

To better understand factors that enhanced SAA-30 activity, structural energy levels were measured ([Fig. 4](#f0020){ref-type="fig"}A). Stretch, bend, torsional and van der Waals energy levels for SAA-30 were found to be lower than those of SAA, showing that SAA-30 is more structurally stable. Biacore results for SAA-30 bonds to transgelin are shown in [Fig. 4](#f0020){ref-type="fig"}B. Compared to that of SAA, SAA-30 presents a higher docking score of −7.105, more stable binding energy levels (−21.692 kcal/mol) and a better fitting mode to the transgelin-actin complex ([Figs. 4](#f0020){ref-type="fig"}C-[4](#f0020){ref-type="fig"}D & Table S3). In summary, we obtained a preliminary structure-activity relationship for SAA according to which the rigidity and length of links are essential and whereby changing the carboxyl group to an ester group increases its lipid solubility; the para-hydroxyl group of the *danshensu* part of the molecule may be more suitable as a lock.Fig. 4Comparison of SAA and SAA-30 structural and binding modes. (A) The structural energy levels of SAA-30 was lower than that of SAA. (B) Biacore results for SAA-30 bound to transgelin. SAA-30 was three times more active than SAA. (C) The binding mode of SAA and SAA-30 in the active site of the transgelin and actin complex. SAA-30 generated a higher docking score of −7.105 relative to that of the transgelin-actin complex. The green dotted line denotes the cation-π interaction. The black dotted line denotes hydrogen bond interactions, and the green solid line denotes hydrophobic interactions. (D) Table showing docking scores, binding energy levels, hydrogen bond interactions, cation-π interactions and hydrophobic interactions between SAA and SAA-30 and the transgelin-actin complex. SAA-30 shows lower binding energy levels in the transgelin-actin complex than in the SAA.Fig. 4

3.4. SAA and SAA-30 promoted cell contractions by facilitating the aggregation of actin in vitro {#s0130}
------------------------------------------------------------------------------------------------

To characterize the actin cross-linking activity of SAA and SAA-30, we employed multi-angle laser scattering to measure the aggregation of the actin filament in the presence or absence of SAA and SAA-30. The results show that when transgelin was added, the polymerization of actin was enhanced and then further enhanced by SAA and SAA-30 ([Fig. 5](#f0025){ref-type="fig"}A). By negative staining electron microscopy we also examined actin filaments in the presence and absence of SAA and SAA-30. In the absence of transgelin, actin filaments were thin and short. In contrast, in the presence of transgelin, actin was polymerized, and in SAA and SAA-30 groups, there was a marked increase in actin polymerization. These results demonstrate that SAA stabilized actin filaments against disassembling and that SAA-30 was more active than SAA ([Fig. 5](#f0025){ref-type="fig"}B). The F-actin area, F-actin percentage area and total F-actin length were significantly increased in the SAA-30 group. The total number of junctions and junction density levels were increased and mean E lacunarity levels were decreased in SAA-30, meaning that filamentous actin bundling was promoted ([Fig. 5](#f0025){ref-type="fig"}C).Fig. 5SAA and SAA-30 increased cell contractions in vitro. (A) Multi-angle light scattering results show that the aggregated state of actin was enhanced when transgelin was added. SAA and SAA-30 further promoted actin aggregation. (B) Negative staining electron microscopy analysis of actin, actin/transgelin, actin/transgelin/SAA and actin/transgelin/SAA-30 groups. The results show that transgelin enhanced actin polymerization, which was further markedly enhanced by SAA and SAA-30. SAA-30 was the most active. (C) Quantitative analysis of F-actin. The F-actin area, F-actin percentage area and total F-actin length were increased when transgelin was added. SAA and SAA-30 further promoted actin aggregation. (D) Accurate multidirectional co-localization analysis of SAA probes and of SAA-30 probe interactions with transgelin and actin via confocal and N-STROM. Green, SAA probe; Cyan, SAA-30 probe; Red, Actin; Blue, Transgelin. The results show the structural characteristics of SAA and SAA-30 bound to transgelin and actin. SAA and SAA-30 were distributed along with the transgelin-actin complex and promoted the uniform distribution of actin. (E & F) SAA and SAA-30 promoted the co-localization of transgelin and actin and cell contractions. Actin is shown in red and transgelin is shown in green. (G) The SEM results show that SAA and SAA-30 enhanced HVSMC contractility levels. Cytoskeletons were clearly aggregated, and their adhesion capacities were enhanced. Cells were assayed after treatment with 20 μM SAA and SAA-30 for 24 h. (H) SAA and SAA-30 combatted inhibition by an actin inhibitor. The depolymerization capacities of actin inhibitor were antagonized by SAA and SAA-30. (I) SAA and SAA-30 limited hypoxia-induced actin degradation. Results were obtained from three independent experiments with each experiment performed in triplicate; N.S. denotes no significance, and error bars represent standard deviations (^⁎^*P* \< .05, ^⁎⁎^*P* \< .01). Data are presented as mean ± SEM values.Fig. 5

Single-molecule fluorescence imaging results show structural characteristics of SAA and SAA-30 bonds to the transgelin-actin complex. SAA and SAA-30 were uniformly distributed along microfilaments ([Fig. 5](#f0025){ref-type="fig"}D). This suggests that the organization of the actin cytoskeleton is regulated by SAA and SAA-30. To investigate whether SAA- and SAA-30-induced F-actin bundling regulates the contractility of vascular smooth muscle cells (VSMCs), we performed an immunofluorescence staining of actin and transgelin in living cells. SAA and SAA-30 increased VSMC contractility and reduced cell lengths in the calcium clamping assay, and the co-localization of transgelin and actin was enhanced. The average length of VSMCs changed from approximately 90 μm in the control group to 80 μm in the SAA group and to 60 μm in the SAA-30 group. The co-localization of transgelin and actin in the control group was measured as approximately 57% but this increased to 78% in the SAA group and to 83% in the SAA-30 group ([Figs. 5](#f0025){ref-type="fig"}E & [5](#f0025){ref-type="fig"}F). When treated with SAA (10 μM) and SAA-30 (10 μM), the relative length of CASMCs declined while F-actin formation was enhanced. Thus, the effect of SAA and SAA-30 in promoting the contraction of CASMCs was also observed (Fig. S4). SEM results show that SAA and SAA-30 enhanced cell adherence and cell surface tension. Numerous microfilaments (tono-filaments) and desmosomes were observed in both the SAA and SAA-30 groups ([Fig. 5](#f0025){ref-type="fig"}G).

SAA and SAA-30 combatted the capacities of F-actin inhibitors and increased F-actin levels relative to the actin inhibitor group. Structures of F-actin were very thin and dispersed, and fluorescence intensity levels decreased from 395 to 139 in the vincristine treated group but increased to 373 in the SAA/vincristine group and to 398 in the SAA-30/vincristine group ([Fig. 5](#f0025){ref-type="fig"}H). SAA and SAA-30 also limited hypoxia-induced actin degradation. During MI, fibers and actin degraded and lost their functions. SAA and SAA-30 can protect muscle fibers and maintain their functions. The fluorescence intensity of the hypoxic group was measured as 264 but this increased to 453 in the SAA group and to 558 in the SAA-30 group. SAA-30 was more active than SAA ([Fig. 5](#f0025){ref-type="fig"}I). A gene set enrichment analysis also shows that SAA enhanced the aggregation of actin and the contraction of smooth muscle cells (Figs. S5-S7) \[[@bb0100]\].

3.5. SAA-30 better protected myocardial functions during myocardial ischemia than SAA in wild type mice; however, neither SAA nor SAA-30 had a therapeutic effect on transgelin (−/−) mice {#s0135}
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To verify the agonism of SAA and SAA-30 on isolated blood vessels, we performed a muscle tension test ([Fig. 6](#f0030){ref-type="fig"}A). SAA-30 increased smooth muscle vessel tension more effectively than SAA in WT mice but inhibited agonism effects on transgelin knockout mice ([Fig. 6](#f0030){ref-type="fig"}B & Fig. S8). SAA had no stimulation effect on isolated myocardial tissue (Table S4). This may be the case because myocardial tissue does not express transgelin (Fig. S9). A diagram illustrating the generation of the MI model and the treatment schedule is shown in [Fig. 6](#f0030){ref-type="fig"}C. The electrocardiogram ST segment underwent marked changes in the isoproterenol-treated group, and the results show signs of acute myocardial ischemia in the model groups (Fig. S10). Compared to those of the normal mice, the heart rates of the MI mice increased by approximately 1.2 times and the ST segment changed by \>0.25 mV ([Fig. 6](#f0030){ref-type="fig"}D). These ST segment changes and heart ratios were restored to nearly normal levels with an SAA-30 pretreatment of 10 mg/kg for 7 days ([Fig. 6](#f0030){ref-type="fig"}E). In the transgelin (−/−) group, SAA and SAA-30 had no therapeutic effect on myocardial ischemia. These results further verify that the target of SAA is transgelin. A histopathological examination clearly reveals organizational structures of the myocardium. The normal group included cardiac fibers without any infarctions, edema, inflammatory cells or necrotic regions. Heart tissue in the isoproterenol-treated group exhibited an infracted zone with edema, inflammatory cell infiltration and muscle fiber separation. The administration of 10 mg/kg SAA-30 protected heart tissue from ischemic injury and resulted in a decreased level of coagulated necrosis and in the presence of fewer infiltrating inflammatory cells ([Fig. 6](#f0030){ref-type="fig"}F and Fig. S11). The percentage of infarction (infarction ratio) for wild type MI mice was measured as 11.2% while that for transgelin (−/−) mice was measured as 16.2%. Heart infarction ratios of the SAA and SAA-30 groups of wild type mice were measured as 4% and 3.2%, respectively ([Fig. 6](#f0030){ref-type="fig"}G). We observed no myocardial protective effect of SAA-30 on the transgelin (−/−) mice. Compared to the normal group, the isoproterenol-treated group presented significantly increased levels of the following serum myocardial injury marker enzymes: creatine kinase (CK, 166% ± 14%), creatinine kinase MB isoenzyme (CK-MB, 165% ± 24%), aspartate transaminase (AST, 237% ± 19%) and lactate dehydrogenase (LDH, 174% ± 14%). Pretreatment with SAA-30 rather than SAA had a more obvious therapeutic effect on wild type MI mice and nearly restored levels of CK (112% ± 4%), CK-MB (105% ± 13%), AST (115% ± 10%) and LDH (123% ± 19%) to normal values. In the transgelin (−/−) group both SAA and SAA-30 had no therapeutic effect, and CK, CK-MB, AST and LDH levels were not significantly changed relative to those of the transgelin (−/−) MI model group ([Fig. 6](#f0030){ref-type="fig"}H). A schematic diagram of SAA and SAA-30 treatments of myocardial ischemia is presented in [Fig. 6](#f0030){ref-type="fig"}I.Fig. 6SAA-30 promoted the contractility of vascular smooth muscle cells more than SAA and better achieved myocardial protection than SAA. (A) Overall scheme of muscular tension agonistic effects of SAA and SAA-30 on WT and transgelin (−/−) mice. (B) SAA and SAA-30 enhanced contractile capacities of vascular smooth muscle in isolated vascular smooth muscles of WT mice. (C) Diagram illustrating the generation of the MI model and the treatment schedule. (D) ST changes and (E) heart rate improvements observed in WT and transgelin (−/−) mice after IR injury with or without SAA and SAA-30 treatment. (F) Histopathological changes and (G) infraction sizes observed in MI-injured hearts of WT or transgelin (−/−) mice with or without SAA and SAA-30 administration. (H) Measurement of CK, CK-MB, AST and LDH levels in WT and transgelin (−/−) mice after IR injury with or without SAA and SAA-30. (I) A schematic diagram of SAA and SAA-30 treatments of myocardial ischemia. ^⁎^*P* \< .05, ^⁎⁎^*P* \< .01 (*n* = 6). N.S., not significant. Data are represented as mean ± SEM values.Fig. 6

4. Discussion {#s0140}
=============

Myocardial ischemia blocks or limits blood flow to certain parts of the heart. Oxygen-derived free radicals are generated during myocardial ischemia-reperfusion (I/R), lipid peroxidation-derived unsaturated aldehydes accumulate, and variable angina and infarction can occur \[[@bb0105], [@bb0110], [@bb0115]\]. *Salvia miltiorrhiza* is a Chinese medicine commonly used to treat cardiovascular disease \[[@bb0120]\]. Salvianolic acids are water-soluble compounds of *Radix Salvia miltiorrhiza*. It has been reported that SAA serves as a potent scavenger of ROS during cardiovascular injury and inhibits the adherence of leukocytes to endothelial cells. In addition, SAA inhibits inflammation, regulates the expression of metalloproteinases during cardiovascular injury and improves coronary artery functioning and coronary microcirculation \[[@bb0020],[@bb0125], [@bb0130], [@bb0135]\].

While several semi-synthesis procedures and total SAA synthesis methods have been developed, they apply to milligram production levels. Here we propose a novel approach to the total synthesis of SAA. The method optimizes the total synthetic process and increases SAA yields to the gram level. We have also optimized the structure of SAA using a series of structural derivatives based on this simple method, which includes the SAA-probe.

We have developed a cell-permeable probe capable of profiling potential cellular targets of SAA. Specifically, careful consideration was made to maintain the integrity of noncovalent interactions of SAA and targets in the design of our SAA probe. In this way, SAA activity was maintained. In comparing results of LC-MS/MS and molecular docking results we found that transgelin and actin may act as targets of SAA. We further used single-molecule imaging, Biacore assays and microscale thermophoresis experiments to identify transgelin and actin as targets of SAA. Transgelin, an actin-binding protein, interacts with actin and promotes actin aggregation \[[@bb0140],[@bb0145]\]. Transgelin is highly expressed in smooth muscle cells (Fig. S8) \[[@bb0150]\]. From three elements of a composite Biacore assay we found that SAA enhances the interaction of transgelin with actin. SAA significantly enhanced microfilament protein aggregation in vitro. SAA linked transgelin and actin interactions like a rope. Biacore assays of protein truncates further verify molecular docking results. In analyzing the binding mode of SAA we designed and synthesized a series of SAA derivatives. By comparing activities of the derivatives we investigated structure-activity relationships (SAR) of SAA derivatives and of the transgelin-actin complex. First, the rigidity of the linker proved essential in maintaining the complex configuration. Changing the molecular rigidity of SAA may cause the compound to fail to interact with key amino acid residues of the transgelin-actin complex, preventing the stability of the composite from being maintained. Second, the length of the linker cannot be increased or decreased. According to the pocket shape of the transgelin-actin complex, the length of SAA linkers may be best suited for binding. Third, while the carboxyl group proved essential, by changing the carboxyl group to an ester group to increase lipid solubility we found that bioactivity levels were also enhanced. Finally, the meta-hydroxyl group of the *danshensu* part of SAA proved essential for locking the target while the para-hydroxyl group of the *danshensu* part may be sterically hindered. Based on the SAR we designed and synthesized SAA-30. The KD value of SAA-30 was found to be three times greater than that of SAA. Compared to SAA, SAA-30 is more structurally stable and more effectively binds to the transgelin-actin complex. SAA-30 stabilized actin filaments against disassembling and increased the rigidity of actin filaments \[[@bb0155]\]. The rigidity of the actin filaments increases the contractility of coronary vascular smooth muscle, limits F-actin degradation under hypoxia and shortens the functional refractory period.

The basic components of arterial vessels include endothelial cells, vascular smooth muscle cells and extracellular matrixes. These three basic components forms the three-layer loop structure of arterial vessels, including the inner, middle and outer membranes. Vascular smooth muscle cells form the main cellular components of blood vessel walls and maintain vascular tone. Vasoconstriction is mainly caused by vascular smooth muscle. As vasosmooth muscle contracts, blood vessels constrict. In VSMCs, in addition to maintaining a certain cell morphology, the cytoskeleton is also involved in the contractile activity of VSMCs. Transgelin is mainly expressed in vascular smooth muscle cells. As a regulatory protein of the cytoskeletal structure, transgelin participates in cytoskeletal remodeling by promoting the polymerization of G-actin protein into F-actin cross-linking. Therefore, transgelin is closely related to the contractile functions of smooth muscle cells. The experimental results show that knocking out transgelin expands the area damaged by atherosclerosis \[[@bb0160]\]. Transgelin can also affect the development of atherosclerosis by regulating the vascular smooth muscle phenotype \[[@bb0055]\]. Therefore, drug development targeting transgelin and the regulation of cell contraction activity and robustness are essential to treatment and drug research on myocardial ischemia. Acute myocardial ischemia is severely harmful to human health, and its pathogenesis remains unclear \[[@bb0165]\]. The isoproterenol-induced cardiotoxic effect is described in an animal model that may be used to study pathology and drug development \[[@bb0170], [@bb0175], [@bb0180], [@bb0185], [@bb0190], [@bb0195], [@bb0200], [@bb0205], [@bb0210]\]. Here, SAA-30 had clearly stronger cardioprotective effects than SAA against isoproterenol-induced myonecrosis, improved the ST segment of the electrocardiogram, increased coronary blood flow volumes and restored serum myocardial injury marker enzymes to near normal levels. CK, CK-MB, AST and LDH are marker enzymes for MI and can reflect levels of myocardial injury \[[@bb0215], [@bb0220], [@bb0225]\]. SAA and SAA-30 maintain the integrity of myocardial cells, thereby preventing the leakage of these diagnostic marker enzymes into serum. During MI, increased ROS levels cause the formation of necrotic lesions and severely impair cellular functions. There are two hydroxyl groups on the benzene ring of SAA and SAA-30. The structural characteristics of SAA and SAA-30 may involve the scavenging of oxygen free radicals.

SAA-30 is safe to use, and biochemical indexes of liver and kidney function were not significantly changed with or without SAA-30 use in normal mice (Table S5). The results of the acute toxicity experiment show that an oral lethal median dose of SAA-30 used in mice is \>2 g/kg body weight (MTD \> 2 g/kg). Long-term toxicity tests show no other abnormal effects on the weight, behavior, blood and biochemical indexes, organ coefficients and organ pathology of the SAA-30 and control groups (Fig. S12).

In this study, we analyzed target identification results obtained from an LC-MS/MS of an SAA probe and found that our clickable probe can identify SAA targets. Furthermore, we observed functional interactions occurring between transgelin and actin with important implications for the myocardial protection of MI. The therapeutic targeting of the transgelin/actin complex and the "rope" drug design method for modulating vascular smooth muscle contractions are of clinical translational research value in terms of treating MI. Mechanisms of action of the transgelin/actin complex and of SAA-30 may also contribute to other diseases associated with IR tissue injury.
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